1. Introduction {#sec1}
===============

Ever increasing rate of musculoskeletal diseases and disorders caused by bone tumors, trauma, disease, birth defects and war, or traffic injuries often times require treatment with an appropriate drug for accelerated healing or preventing post-operative infections. The shortcomings of systemic drug delivery, such as low bioavailability and low efficacy can cause unwanted potential side effects.^[@ref1],[@ref2]^ Systemic delivery requires the periodic intake of high-dose drugs because of low bioavailability.^[@ref3]^ Reduced side effects, improved bioavailability, and efficacy can be achieved by local drug delivery.^[@ref4],[@ref5]^ Small osteogenic drug molecules or growth factors are of increased interest because of their potential use in hard tissue repair or regeneration applications.^[@ref6]^ The wide use of synthetic bisphosphonates (BPs) in the treatment of various skeletal disorders, such as osteoporosis, tumor-associated osteolysis, Paget's disease, and hypercalcemia, is because of their potent inhibition of bone resorption.^[@ref1],[@ref7]^ The backbone of BPs are structurally similar to inorganic pyrophosphate.^[@ref8]^

Alendronate (AD), a member of the bisphosphonate family, is one of the most commonly used drug for osteoporosis.^[@ref9]^ While most BPs including AD contain nitrogen in the structure, non-nitrogen containing BPs also exist. Although both nitrogen and non-nitrogen containing BPs act on preventing bone resorption by inhibiting osteoclast activity, their mechanism of action is different.^[@ref10]^ Nitrogen containing BPs are believed to inhibit farnesyl diphosphate synthase (FPP synthase) in the mevalonate to cholesterol synthesis pathway.^[@ref10],[@ref11]^ Downstream intermediate biomolecules that are essential for cholesterol synthesis in the mevalonate pathway can be blocked through inhibition of FPP synthase.^[@ref12],[@ref13]^ It has been shown that geranylgeranyl pyrophosphate, a downstream intermediate of the mevalonate to cholesterol synthesis pathway, exerts a stimulatory effect on bone resorbing osteoclast cells activities.^[@ref6]^ Therefore, the osteoclasts activities suppression by AD is the result of inhibition of geranylgeranyl pyrophosphate synthesis required for osteoclasts stimulation.^[@ref14],[@ref15]^ Early stage osteogenesis can thus be induced by local delivery of BPs as a result of osteoclast activity inhibition^[@ref16]^ along with reducing the bone fracture risk from osteoporosis.^[@ref1],[@ref17]^ New induced bone formation by BPs due to osteoclast activity inhibition can lead to quicker recovery after surgery as a result of improved mechanical interlocking between implant and the surrounding host tissue.

Excellent bioactivity of CaPs and compositional similarities to bone mineral are the reasons for their wide use and preferred choice for hard tissues, such as teeth or bone repair, replacement, regeneration, or augmentation.^[@ref18]−[@ref21]^ The increased interest in CaPs to use as drug delivery systems (DDSs) in orthopedics, dentistry, and nanomedicine is because of their versatility and tailorable biodegradability over other ceramics.^[@ref1],[@ref2],[@ref22],[@ref23]^ Sustained and controlled release of drugs or osteogenic factors from scaffolds are required over a desired period of time for an effectual treatment. In burst release kinetics, most of the drug is released over a very short period of time leading to a detrimental or no effect to the target site or tissue. Burst release from CaP scaffolds can be inhibited by embracing a polymeric coating approach, where the polymer is biodegradable.^[@ref1],[@ref24]−[@ref26]^ There are two potential approaches, the polymer coating itself can incorporate the drug molecules or the coating can be applied on a drug treated surface.^[@ref1]^ Tissue engineering scaffold materials should be biodegradable, non-immunogenic, non-carcinogenic, and non-toxic with excellent cell/tissue biocompatibility. Semi-crystalline polycaprolactone (PCL) meets these criteria. Moreover, it is a low cost and easy to process material. Thus, it is not a surprise that PCL is being widely explored for tissue engineering and drug delivery applications,^[@ref27],[@ref28]^ Our recent work on *in vitro* release behavior of lovastatin (an osteogenic drug) from polycaprolactone (PCL) coated dense tricalcium phosphate (TCP) showed release was controlled by drug-polymer interactions, which was dependent on the drug polymer hydrophilic hydrophobic interactions. This influenced the drug release kinetics from PCL-coated TCP disc^[@ref6]^ showing *in vitro* controlled release kinetics of lovastatin. Architectural features of tissue engineering scaffolds are critical components that need to be taken care of during fabrication.

The presence of three dimensionally interconnected macro pores facilitate new tissue ingrowth throughout the entire scaffold, which provides enhanced mechanical interlocking between surrounding host tissue and the scaffold. Pore interconnectivity allows nutrient and metabolic waste transport to and from the core of the scaffold, which is very crucial for proper vascularization. Fabrication of CaP scaffolds with complex and controlled geometrical features by conventional techniques is a challenging task since pore size, interconnectivity, distribution, and volume fraction porosity is difficult to control precisely.^[@ref29]−[@ref32]^ In our earlier work,^[@ref29]^ we reported that CaP scaffolds with different designed macropore sizes can successfully be fabricated using 3D printing (3DP) technology, where we optimized 3D printing parameters, such as layer thickness, binder saturation, drop volume, roller spreading speed and drying time, to attain micro and macro porous scaffolds. Our results from that study^[@ref29]^ also showed that the mechanical strength of the 3DP designed macro porous TCP scaffolds can significantly be improved by microwave sintering as opposed to conventional sintering method.

Here, we examine the effect of PCL coating on *in vitro* alendronate (AD) release behavior, and local alendronate (AD) delivery on *in vivo* osteogenesis from PCL-coated 3D printed interconnected macro porous tricalcium phosphate (TCP) scaffolds. TCP scaffolds with interconnected designed macro pores were fabricated using 3D printing technique, and PCL was coated on AD adsorbed 3DP TCP scaffolds. Effect of PCL coating on the compressive strength and toughness of these 3DP TCP scaffolds was evaluated. *In vitro* AD release was investigated at physiological pH 7.4 and relatively acidic pH 5.0 from both bare (uncoated) and PCL-coated 3DP TCP scaffolds. Bioactivity of theses PCL-coated scaffolds was first investigated *in vitro* using human fetal osteoblast (hFOB) cells. To evaluate the effect of PCL coating on AD coated TCP, we have also compared this with uncoated TCP, TCP coated with only AD and only PCL. Finally, the effect of PCL and AD were examined on new bone formation and tartrate resistant acid phosphatase (TRAP) positive cells activity by histomorphology and histomorphometric analysis after 6 and 10 weeks post implantation in a rat distal femoral defect model.

2. Materials and Methods {#sec2}
========================

2.1. Scaffold Fabrication {#sec2.1}
-------------------------

β-TCP powder with 550 nm average particle size (Berkeley Advanced Biomaterials Inc., Berkeley, CA) were used for scaffold fabrication. Scaffolds with 350 μm designed pore size \[scaffold dimension: 3.4 mm (ϕ) × 5.2 mm (*h*)\] were fabricated. Square shaped designed interconnected macro pores were distributed orthogonally through the cylindrical shape in *X*, *Y*, and *Z* directions. A 3D printer (ExOne, Irwin, PA, USA) was used for scaffold fabrication. After 3D printing, the binder (organic based binder, purchased from ExOne, Irwin, PA) was hardened at 175 °C for 90 min. Dry ultrasonication and/or air blowing were used to remove the loosely adhering powder in the pores of the scaffolds. Scaffolds were then sintered^[@ref29]^ at 1250 °C in a conventional muffle furnace for 2 h (sintering cycles: 3 deg/min heating rate up to 120 °C; 1 h dwell time at 120 °C; then 3 deg/min heating rate up to 600 °C; 1 h dwell time at 600 °C; then 1 deg/min heating rate up to 1150 or 1250 °C; 2 h dwell time; 10 deg/min cooling rate). Figure [1](#fig1){ref-type="fig"}a shows the schematic of 3D printing.^[@ref29]^

![(a) Schematic of 3D printing (3DP), (b) sintered 3DP TCP scaffold, and (c, d) surface morphology of the 3D printed bare TCP and PCL-coated 3D printed TCP scaffolds, respectively.](am-2014-01048n_0002){#fig1}

2.2. Alendronate (AD) Loading and Polycaprolactone (PCL) Coating Preparation {#sec2.2}
----------------------------------------------------------------------------

PCL with an average molecular weight, *M*~w~ = 14000 (purchased from Sigma, St. Louis, MO, USA) and Alendronate (AD) (a generous gift from Pipeline Biotechnology, NJ, USA) were used in this study. The solution for PCL coating was prepared by dissolving 1 wt % PCL in acetone (w/v). Three different AD concentrations, 500, 800, and 1000 μg of AD per scaffold, were used to investigate the *in vitro* AD release behavior from PCL-coated scaffolds. AD-loaded scaffolds without any PCL coatings were used to compare the release kinetics with PCL-coated scaffolds. The solution for AD coating was prepared by dissolving AD in deionized water. AD coating was done by pipetting 50 μL of AD aqueous solution, such that this 50 μL either contained 500, 800, or 1000 μg of AD. For PCL-coated scaffolds, coating was done by pipetting 40 μL of 1 wt % PCL solution in acetone per scaffold.

For *in vivo* study, scaffolds were sterilized by autoclaving at 121 °C for 30 min prior to PCL or AD coating. AD was dissolved in sterilized nanopure water to prepare the AD-coating solution. AD coating was done by pipetting 20 μL of AD aqueous solution such that this 20 μL solution contained 2 μg of AD. Scaffolds were then dried overnight under a sterile hood. Scaffolds were then coated by pipetting 40 μL 1 wt % PCL solution in acetone. All coating procedure was carried out in a sterile environment.

2.3. Pore Size, Coating Morphology, and Mechanical Properties {#sec2.3}
-------------------------------------------------------------

Images for pore size measurement and surface morphologies of PCL-coated 3D printed TCP scaffolds were taken using a field-emission scanning electron microscope (FESEM) (FEI Inc., Hillsboro, OR, USA) followed by gold sputter-coating (Technics Hummer V, CA, USA). Pore size of the sintered scaffolds were calculated by averaging nine measurements for each pore size from three scaffolds (three different pores were selected from each scaffold for this measurement). Compressive strength and toughness analysis were performed to compare the mechanical properties between PCL-coated and without PCL-coated scaffolds. Compressive strength analysis was performed on the 3DP TCP scaffolds fabricated for *in vivo* implantation. A similar PCL coating procedure as described above for *in vivo* scaffolds was followed. Compressive strength of these 3DP TCP scaffolds with and without PCL coating was measured using a screw-driven universal testing machine (AG-IS, Shimadzu, Tokyo, Japan) with a constant crosshead speed of 0.33 mm/min, and the calculation was performed based on the maximum load at failure and initial scaffold dimension. Ten samples (*n* = 10) were used from each composition for compressive strength analysis. Toughness was calculated from the area under the stress vs strain plot.

2.4. *In Vitro* Alendronate Release {#sec2.4}
-----------------------------------

Alendronate (AD) release behavior was investigated in two different 0.1 M pH buffers. A pH 7.4 phosphate buffer and pH 5.0 acetate buffer were used to mimic the physiological pH and slightly acidic micro environment right after surgery, respectively. A pH probe was used for pH measurement to keep the pH within ±0.05. Any loosely bound AD was washed off from each sample before starting the release study using 1 mL of DI water twice. Final AD content per scaffold was determined by subtracting AD amount in this 2 mL rinse aliquot from the loaded amount. Three samples from each concentration of AD (500 μg, 800 μg, and 1000 μg AD per scaffold) with and without PCL coating were placed in 2 mL of pH 7.4 phosphate buffer and pH 5 acetate buffer in separate vials, respectively, with appropriate labeling followed by keeping at 37 °C under 150 rpm constant shaking. Buffer solutions were changed at 2, 4, 6, 12, 24, 48, 72, 96, 120, and 168 h. Every time release media was replaced by a freshly prepared 2 mL fresh buffer solution. AD concentration was determined spectrophotometrically at 293 nm wavelength via complex formation with Fe (III) ions using a Biotek Synergy 2 SLFPTAD microplate reader (Biotek, Winooski, VT, USA).

2.5. Change in Phase, Dissolution, and Surface Morphology after Release {#sec2.5}
-----------------------------------------------------------------------

Any phase change in the scaffolds was monitored by X-ray diffraction (XRD) using a Philips PW 3040/00 Xpert MPD system (Philips, Eindhoven, The Netherlands) with Cu K~α~ radiation and Ni filter. Scanning range of 20° to 45° at a step size of 0.05° and a count time of 1 s per step were used. Surface morphologies of all scaffolds after release were observed under a field emission scanning electron microscope as described above followed by air drying of the scaffolds at ambient temperature for 72 h at the end of the release experiment. A Shimadzu AA-6800 atomic absorption spectrophotometer (AAS) (Shimadzu, Kyoto, Japan) was used for Ca^2+^ ion concentration analysis in the release media.

2.6. *In Vivo* Study {#sec2.6}
--------------------

Twenty-four male Sprague-Dawley rats (Simonsen Laboratories, Gilroy, CA, USA) with an average body weight of 280 to 300 g for 6 and 10 weeks were used in the present study. The experimental detail for the animal study is presented in Figure S1 in the [Supporting Information](#notes-1){ref-type="notes"}. The *in vivo* animal study plan is in agreement with ISO 10993-6:2009 (Biological evaluation of medical devices, Part 6: Tests for local effects after implantation).

### 2.6.1. Surgery and Implantation Procedure {#sec2.6.1}

Six different scaffold compositions, namely, (i) TCP (bare TCP), (ii) TCP + AD (AD-loaded TCP), (iii) TCP + PCL (PCL-coated TCP), (iv) TCP + PCL + AD, (v) TCP + AD + PCL, and (vi) TCP + AD + PCL + AD were tested in the distal femoral defect of Sprague-Dawley rats (Charles Rivers Laboratories International, Inc., Wilmington, MA, USA). The rats were kept in individual cages with free access to food and water in a temperature and humidity controlled room with alternating 12:12 light--dark (LD) cycle. After acclimatization, a distal femoral cortical defect (3 mm diameter) was created. A 3 mm drill bit was used to create the defect in the distal femur followed by washing the defect cavity by physiological saline to remove any remaining bone fragments. A mixture of IsoFlo (isoflurane, USP, Abbott Laboratories, North Chicago, IL, USA) and oxygen (Oxygen USP, A-L Compressed Gases Inc., Spokane, WA, USA) were used to anesthetize the rats. All animals underwent a bilateral surgery. VICRYL (polyglactin 910) synthetic absorbable surgical suture (Ethicon Inc., Somerville, NJ, USA) was used to close the wounds after the surgery. After the study time points (6 and 10 weeks), rats were euthanized by halothane overdosing in a bell jar, followed by administration of an intracardiac 70% potassium chloride injection. All surgical and animal care procedures were conducted in accordance with the protocol approved by the Institutional Animal Care and Use Committee (IACUC), Washington State University.

### 2.6.2. Histomorphology {#sec2.6.2}

All bone-implant samples for histological analysis were fixed in 10% buffered formalin solutions or 72 h. The specimens were then either dehydrated for undecalcified tissue sections preparation or decalcified and then dehydrated for decalcified tissue sections preparation.

#### 2.6.2.1. Hematoxylin and Eosin (H&E) Staining {#sec2.6.2.1}

After formalin fixation, samples were kept in 14 % ethylenediaminetetraacetic acid (EDTA) until the samples were demineralized. At the end of decalcification, samples were dehydrated in graduated ethanol (30%, 50%, 70%, 90%, and 100%), ethanol--xylene (1:1), and 100% xylene. Samples were then paraffin embedded, and 5 to 10 μm thick tissue sections were cut using a microtome. Paraffin embedded decalcified tissue sections were deparaffined and used for hematoxylin and eosin (H&E) staining.

#### 2.6.2.2. Tartrate Resistant Acid Phosphatase (TRAP) Staining {#sec2.6.2.2}

TRAP staining was performed following a previously reported procedure.^[@ref33]^ Formalin fixed paraffin embedded tissue sections were deparaffined followed by incubation at 37 °C for 30 min in preheated sodium acetate buffer of pH 4.9 with naphthol AS-BI phosphate (Sigma). The temperature was controlled by keeping the buffer solution in a water bath. Slides were then kept in pararosaniline and sodium nitrate solution for 5 min at room temperature, and then rinsed by distilled water. Finally, counterstaining was performed by keeping the slides into hematoxylin for 30 s, followed by dehydration and mounting with a coverslip.

#### 2.6.2.3. Histomorphometric Analysis {#sec2.6.2.3}

ImageJ software (National Institute of Health) was used for newly formed bone area (bone area/area of the entire tissue section, %) and TRAP activity (TRAP positive area/area of the entire tissue section, %) analysis from 800 μm width and 800 μm height tissue sections (*n* = 8). H&E stained tissue sections and TRAP stained sections were used for new bone area and TRAP activity analysis, respectively.

2.7. Statistical Analysis {#sec2.7}
-------------------------

Quantitative data for sintered pore size, compressive strength, new bone area and TRAP activity are expressed as mean ± standard deviation. Statistical analysis was performed on compressive strength, new bone area and TRAP activity using student's t-test, and *P* value \<0.05 was considered significant.

3. Results {#sec3}
==========

3.1. Microstructure, PCL-Coating Morphology, and Mechanical Properties {#sec3.1}
----------------------------------------------------------------------

Interconnected designed macropores are clearly visible in the sintered bare TCP and PCL-coated TCP scaffolds. Designed pore size of the scaffolds was 350 μm. Sintered pore sizes were 311 ± 5.9 μm.^[@ref28]^ Figure [1](#fig1){ref-type="fig"}b presents the photograph of a sintered 3DP TCP scaffold. Figure [1](#fig1){ref-type="fig"}c and d shows surface morphology of the uncoated and PCL-coated 3DP TCP scaffolds. The PCL solution concentration, 1 wt % PCL in acetone, and the solution volume for coating were selected to obtain a thin coating without blocking the designed macro pores and leaving some micro pores. PCL coating made the TCP surface more roughened through the flake like PCL coating (as shown in Figure S2 in the [Supporting Information](#notes-1){ref-type="notes"}). Surface morphology of the PCL-coated scaffolds showed rough surface morphology along with the presence of many intrinsic micro pores. Compressive strength and toughness comparison between uncoated and PCL-coated 3DP TCP scaffolds are presented in Figure S3 in the [Supporting Information](#notes-1){ref-type="notes"} showing 5.74 ± 1.34 and 5.58 ± 1.21 MPa compressive strength for these scaffolds, respectively. PCL coating did not cause an increase in compressive strength of the 3DP TCP scaffolds. However, PCL coating on these 3DP pure TCP scaffolds caused a noticeable increase in the toughness, from 4.23 × 10^--6^ to 8.51 × 10^--6^ J/m^3^ as shown in Figure S3 in the [Supporting Information](#notes-1){ref-type="notes"}.

3.2. *In Vitro* Alendronate and Ca^2+^ Release, Coating Morphology, and Phase {#sec3.2}
-----------------------------------------------------------------------------

Figure [2](#fig2){ref-type="fig"}a and b shows the cumulative AD release at pH 7.4 phosphate buffer from uncoated and PCL-coated 3DP TCP scaffolds, respectively. AD release from the PCL-coated scaffolds showed better performance compared to uncoated TCP in terms of sustained and controlled release over the study period. Both initial and final AD release was decreased from the scaffolds with PCL coating. AD release at pH 5.0 acetate buffer from uncoated and PCL-coated TCP scaffolds are presented in Figure [2](#fig2){ref-type="fig"}c and d, respectively. Increased level of drug concentration in the PCL coating resulted in increased total AD release at both pH 5 and pH 7.4.

![Cumulative AD release at pH 7.4 phosphate buffer (a, b) and at pH 5.0 acetate buffer (c, d) from bare TCP (i.e., no PCL coating: indicated by 0% PCL) scaffolds (a, c), and PCL-coated (1 % PCL in acetone (w/v) solution was used for coating) scaffolds (b, d).](am-2014-01048n_0003){#fig2}

However, total AD release was higher at pH 5.0 compared to pH 7.4 from both uncoated and PCL-coated scaffolds. This is an indication that release media pH has a significant role on the release kinetics from the PCL coating. The influence of TCP dissolution on AD release was evaluated by measuring Ca^2+^ ion concentration in the release media. Ca^2+^ ion release at pH 5.0 from the uncoated and PCL-coated 3DP TCP scaffolds are presented in Figure [3](#fig3){ref-type="fig"}a and b, respectively. Ca^2+^ ion release at pH 5.0 from uncoated TCP is presented in Figure [3](#fig3){ref-type="fig"}a for up to 72 h because all scaffolds disintegrated at this pH before 96 h. This type of scaffolds disintegration was not observed from PCL-coated scaffolds. A lower Ca^2+^ ion release rate was observed from PCL-coated scaffolds than uncoated TCP scaffolds at pH 5.0. Figure [3](#fig3){ref-type="fig"}**c** shows the Ca^2+^ ion release from bare TCP scaffolds at pH 7.4 for 2, 4, 48, and 96 h. Other time points did not show any Ca^2+^ ion release within the detectable range \[ppm (μg/mL) level\]. Ca^2+^ ion release was not observed at any time points from PCL-coated scaffolds at pH 7.4 within the detectable range.

![Cumulative Ca^2+^ ion release in the release media from bare TCP (a), PCL-coated TCP scaffolds (b) at pH 5.0, and from bare TCP scaffolds at pH 7.4 (c) as a function of release time (Ca^2+^ release was not observed at all-time points). No detectable Ca^2+^ ion release was observed from PCL-coated scaffolds at pH 7.4 within the ppm (μg/mL) range.](am-2014-01048n_0004){#fig3}

Figure [4](#fig4){ref-type="fig"} shows the surface morphology of the uncoated and PCL-coated 3DP TCP scaffolds before and after AD release at both pH 7.4 and 5.0. Calcium deficient apatite formation was observed on uncoated TCP scaffolds at pH 7.4 after 7 d release (Figure [4](#fig4){ref-type="fig"}c). PCL coating morphology did not show any change after 7 d AD release at pH 7.4. Individually separated grains were observed in bare TCP scaffolds at pH 5.0. Both PCL coating degradation and TCP scaffold dissolution was observed in PCL-coated 3DP TCP scaffolds at pH 5.0. Acidic release media caused the degradation of the PCL coating.

![Surface morphology of bare TCP (i.e., no PCL coating: indicated by 0% PCL) and PCL-coated (1 % PCL in acetone (w/v) solution was used for coating) TCP scaffolds before and after AD release at pH 7.4 and 5.0: (a) bare TCP before AD release, (b) PCL coated TCP before AD release, (c) bare TCP after AD release at pH 7.4, (d) PCL-coated TCP scaffold after AD release at pH 7.4, (e) bare TCP after AD release at pH 5.0, and (f) PCL-coated TCP scaffold after AD release at pH 5.0.](am-2014-01048n_0005){#fig4}

XRD patterns of the as-received β-TCP powder, TCP scaffolds sintered at 1250 °C for 2 h, and after AD release at pH 5.0 and 7.4 are presented in Figure [5](#fig5){ref-type="fig"}. Our previously reported results showed that sintering at 1250 °C for 2 h of these 3D printed TCP scaffolds resulted in 25% α-TCP (JCPDS 09-0348) and 75% β-TCP (JCPDS 09-0169) because of high temperature phase transformation from β to α. The major peak for α-TCP disappeared after AD release at pH 5.0. This is due to high dissolution of α-TCP compared to β-TCP. All α-TCP was dissolved and caused the disintegration of the scaffolds. The intensity of the Major peak for α-TCP was decreased at pH 7.4 due to low dissolution of α-TCP at pH 7.4. Other than this, no phase change was observed.

![XRD patterns of the 3DP TCP scaffolds before and after AD release. The major peak for α-TCP disappeared after AD release at pH 5.0 due to high dissolution of α-TCP as shown in (c). The intensity of the Major peak for α-TCP was decreases at pH 7.4 because of low dissolution of α-TCP at pH 7.4 as shown in (d). Other than this, no phase change was observed.](am-2014-01048n_0006){#fig5}

3.3. Histomorphology and Histomorphometry {#sec3.3}
-----------------------------------------

Histological evaluation was performed at 6 and 10 weeks to evaluate the influence of AD and PCL coating on new bone formation. Figure [6](#fig6){ref-type="fig"} shows hematoxylin and eosin (H&E) staining of decalcified tissue sections, which shows new bone formation inside the macro and micro pores of the scaffolds. Acellular regions shown in the figure are derived from the demineralization process of the scaffolds. Newly formed bone observed by H&E staining showed a clear distinction between 6 weeks and 10 weeks. Newly formed bone after 10 weeks was more compact in nature compared to after 6 weeks. Histomorphometric analysis of newly formed bone area comparison after 6 and 10 weeks are presented in Figure [7](#fig7){ref-type="fig"}. No significant difference in bone formation was noticed between uncoated and PCL-coated TCP after 6 and 10 weeks. All scaffolds with AD showed a significant increase in bone formation at both time points compared to bare TCP and TCP with PCL coating. TCP + AD + PCL scaffolds showed maximum bone formation after 6 weeks, which was significantly higher than TCP + AD scaffolds. However, new bone formation after 10 weeks induced by TCP + AD and TCP + AD + PCL was similar. TCP + AD + PCL scaffolds showed a significantly increased bone formation compared to TCP + PCL + AD scaffolds.

![Photomicrographs of representative histological sections after hematoxylin and eosin (H&E) staining of decalcified tissue sections showing the development of bone formation after 6 and 10 weeks. BM = Bone marrow. Asterisk (\*) indicates acellular regions derive from scaffold.](am-2014-01048n_0007){#fig6}

![Histomorphometric analysis showing total new percent bone formation comparison between the treatment and control groups (\*\**p* \< 0.05, \**p* \> 0.05, *n* = 8 tissue sections of 800 μm width and 800 μm height each).](am-2014-01048n_0008){#fig7}

Activity of TRAP positive cells after 6 and 10 weeks are shown in Figure S4 in the [Supporting Information](#notes-1){ref-type="notes"}. TRAP positive cells were observed inside the all TCP scaffolds after 6 weeks suggesting bone resorbing osteoclasts activity. AD containing scaffolds showed lower TRAP activity compared to bare TCP and TCP+PCL scaffolds. TCP with only AD showed the least TRAP activity after 6 weeks. Activity of TRAP positive cells was increased in bare TCP, TCP+PCL and TCP+AD scaffolds after 10 weeks, where all other remaining samples showed decreasing TRAP positive cells activity after 10 weeks. Histomorphometric analysis of TRAP positive cells activity comparison after 6 and 10 weeks are presented in Figure [8](#fig8){ref-type="fig"}. Bare TCP and TCP + PCL showed almost similar TRAP positive cells activity after 6 weeks, but bare TCP showed maximum TRAP positive cells activity after 10 weeks with a significant difference compared to TCP + PCL. TCP + AD scaffolds showed the least TRAP positive cells activity after 6 weeks, which is significantly lower than the TRAP positive cells activity in TCP + AD + PCL scaffolds. However, a similar TRAP positive cells activity was observed after 10 weeks between TCP + AD and TCP + AD + PCL scaffolds.

![Histomorphometric analysis showing percent TRAP activity comparison between the treatment and control groups (\*\**p* \< 0.05, \**p* \> 0.05, *n* = 8 tissue sections of 800 μm width and 800 μm height each).](am-2014-01048n_0009){#fig8}

4. Discussion {#sec4}
=============

Making tissue engineering constructs hierarchically porous is an effort to mimic native tissue structure and functionality. The presence of 3D interconnected porosity provides adequate cell penetration and vascularization for the ingrowth tissue.^[@ref29],[@ref34]^ Tissue engineering scaffolds with multiscale porosity (both macro- and micropore) facilitates enhanced bone regeneration,^[@ref35],[@ref36]^ and strong mechanical interlocking can be achieved between the scaffold and host tissue from large surface area.^[@ref29]^ Although the minimum recommended macropore diameter for effective osteogenesis is 100 μm, macropore diameters between 200 and 350 μm are recommended for effective vascularization and bone tissue ingrowth.^[@ref37]^ The sintered macropore diameter used in this study was 311 ± 5.9 μm, which is in the range of optimum size for effective tissue regeneration.^[@ref29]^ Among most CaPs, tricalcium phosphates (TCPs) are widely used because of their resorbable properties.^[@ref18]^ A higher solubility of TCP compared to other CaPs allows them to degrade faster. Between the two polymorphs of TCP, α-TCP degrades faster than β-TCP, and both α- and β-TCP are widely used in bone tissue engineering.^[@ref29],[@ref38]^ Previously, we showed that both α- and β-TCP were present in these 3DP β-TCP scaffolds sintered at 1250 °C.^[@ref29]^

Initial burst release is very common for drugs or biomolecules delivered from CaP based delivery system.^[@ref6],[@ref39],[@ref40]^ Initial burst and uncontrolled release of the drug from the implant surface are not beneficial, and will not serve the purpose of local delivery for effective treatment. Drug adsorption and release from CaPs primarily depends on chemical and electrostatic interactions between CaPs and drug molecules.^[@ref1],[@ref41],[@ref42]^ In most cases, weak electrostatic interactions keep the drug entities bound to the adsorbed surface.^[@ref6]^ A big difference of BPs with other drugs is that BPs can strongly bind to CaPs surface. The strong bonding between BPs and CaPs results from a chemical exchange of the phosphate group.^[@ref43]^ After the first layer of drug molecules adsorb through phosphate group exchange, subsequent layers remain bound to the surface by weak electrostatic interactions.^[@ref41]^ An initial burst release is thus still observed for BP delivery from CaPs. Biodegradable polymer coating can be very effectual drug delivery approach for sustained and controlled delivery by preventing burst release kinetics.^[@ref1],[@ref6],[@ref25],[@ref44]^

We have recently reported that both polymer concentration in the coating solution and the pH of the release media can influence the drug release kinetics.^[@ref6]^ Higher AD release at lower pH (5.4) and lower AD release at higher pH (7.4) indicated a favorable interaction between AD and release media at lower pH or AD and PCL. Phobicity of the polymer-drug and polymer solubility in the release media also influence the release kinetics.^[@ref6],[@ref45]^ The higher Ca^2+^ ion release rate from bare TCP scaffolds and their disintegration at pH 5.0 after 72 h is due to much higher solubility of TCP at acidic pH than at neutral and basic pH.^[@ref46]^ PCL coating delayed TCP dissolution by hindering TCP from direct contact with a harsh acidic environment. This is further supported from the surface morphology and the phase analysis of the scaffolds after release. Calcium deficient apatite formation on bare TCP at pH 7.4 indicates Ca ion release caused by the TCP dissolution was re-precipitated. This was the reason for detecting Ca ion at the initial and the middle of the release time points. Higher dissolution of bare TCP at pH 5.0 created individual grain separation, and ultimately caused disintegration of the scaffolds. The disappearance of the α-TCP major peak at pH 5.0 could be due to much higher dissolution of α-TCP than the β-TCP. The decreased intensity of the α-TCP major peak at pH 7.4 and the apatite formation indicates the dissolution of α-TCP and re-precipitation as calcium deficient apatite.

Drug release depends on diffusion, chemical processes, matrix degradation, and external or electronic processes.^[@ref1],[@ref6],[@ref41],[@ref47]^ Usually diffusion process dominates drug release kinetics because matrix degradation is a slower process than the diffusion.^[@ref6]^ In this study, we see matrix degradation dominated AD release at pH 5.0 and diffusion dominated AD release at pH 7.4. The phobicity of the drug and polymer along with the solubility of the polymer can also play a dominant role. Both alendronate (sodium salt) and alendronic acid are hydrophilic, soluble in water, and cause an unfavorable interaction between AD (both salt and acid form) and PCL. Thus, the dissociation of AD from TCP caused either by TCP dissolution or driven by equilibrium shift is the rate limiting factor. Because the next step is the diffusion of AD from the PCL matrix in the coating caused by the unfavorable interaction between AD and PCL. In the absence of PCL coating, AD release from uncoated 3DP TCP scaffold is governed by the rate limiting step. These rate limiting and non-rate limiting steps are schematically shown in Figure [9](#fig9){ref-type="fig"}.

![Schematic representation of the rate limiting steps for AD (salt or acid form) release. AD is liberated from the TCP surface in the presence of acidic (a) or basic (b) release medium, which is caused by the rate limiting TCP dissolution and/or equilibrium driven shift. In presence of PCL coating, final AD release is caused by the diffusion of AD from PCL coating through the unfavorable interaction between AD and PCL (non-rate limiting step) (c). In absence of PCL coating, AD release is governed by the rate limiting steps.](am-2014-01048n_0010){#fig9}

Increased peri-implant bone density formation was noticed by Peter et al.,^[@ref48]^ when zoledronate (a member of BPs family) was applied on hydroxyapatite-coated titanium implants. Another study by Garbuz et al.^[@ref49]^ reported increased gap filling, bone ingrowth, and total bone formation, when alendronate was applied on calcium phosphate coated tantalum implants. Both studies^[@ref48],[@ref49]^ reported that around 2 μg of BPs were most effective for *in vivo* bone ingrowth resulting enhanced implant-host tissue integration. Thus, 2 μg of AD per scaffold was applied in this study, except TCP + AD + PCL + AD, where 4 μg of AD was applied in two layers. H&E staining of decalcified tissue sections showed (Figure [6](#fig6){ref-type="fig"}) excellent ingrowth of newly formed bone inside the micro and macro pores of the 3D printed scaffolds. This clearly shows the advantage of tissue engineering scaffolds with multiscale porosity. Interconnected network-like structure of the newly formed bone could form due to the designed interconnected porosity in the 3D printed TCP scaffolds. *In vitro* hFOB cells also showed good cell adhesion and proliferation in the scaffolds of all compositions (Figure S5 in the [Supporting Information](#notes-1){ref-type="notes"}). Histomorphometric analysis showed that TCP+PCL scaffolds promoted slightly higher bone formation compared to bare TCP after 6-weeks (Figure [7](#fig7){ref-type="fig"}). Although there was no difference in new bone area between bare TCP and TCP + PCL scaffolds after 10 weeks, which is consistent with the *in vitro* cell culture results (Figure S6 in the [Supporting Information](#notes-1){ref-type="notes"}). PCL coating made the TCP surface more roughened, and the flake like PCL coating simulated a 3D micro environment. It has been reported that the 3D structure of PCL such as roughened surface and nanofibers facilitates proliferation and osteogenic differentiation of human mesenchymal stem cells (hMSCs).^[@ref50],[@ref51]^ Therefore, the roughened surface due to PCL coating might have facilitated osteogenic differentiation and proliferation of osteoprogenitor cells present in the bone marrow. Unlike hFOB cell density results (Figure S6 in the [Supporting Information](#notes-1){ref-type="notes"}), new bone area was higher in TCP + PCL + AD scaffolds compared to bare TCP and TCP + PCL scaffolds. This is probably because of the *in vivo* action of AD on bone resorbing osteoclast cells. A significant increase in bone formation was observed in TCP + AD + PCL scaffolds compared to TCP + AD scaffolds after 6 weeks. This is probably due to the prevention of initial burst release as a result of PCL coating. As a result, AD was possibly released for a longer time period. No difference in newly formed bone area between TCP + AD and TCP + AD + PCL scaffolds after 10 weeks also suggests that it is the initial controlled release that played the key role for early bone formation, which is crucial for rapid wound healing and implant--host tissue integration.

TRAP (tartrate resistant acid phosphatase) is the main acid secreted by mature osteoclasts during bone resorption.^[@ref52]^ Bare TCP and TCP + PCL scaffolds showed the highest TRAP positive cells activity as shown by the histomorphometric analysis after 6 weeks (Figure [8](#fig8){ref-type="fig"}). A significantly higher TRAP positive cells activity after 10 weeks in bare TCP compared to TCP + PCL is probably because of higher dissolution of bare TCP, which initiated greater osteoclasts activities. A lower TRAP positive cells activity in all scaffolds with AD indicates the inhibition of osteoclasts activity by AD. A higher TRAP positive cells activity in TCP + PCL + AD amongst all scaffolds with AD is probably due to an initial rapid release of all drugs. After this initial release, these TCP + PCL + AD scaffolds acted more like that of TCP + PCL scaffolds without any AD. A higher TRAP positive cells activity in TCP + AD + PCL compared to TCP + AD after 6 weeks could be due to sustained AD release for longer time caused by the PCL coating. This might have inhibited osteoclasts activity and promoted higher bone formation. *In vitro* AD release shows that PCL coating can effectively be used for controlled and sustained drug delivery without any unfavorable effects on cells. *In vivo* results show that local AD delivery from PCL-coated 3DP TCP scaffolds could further induce increased early bone formation. Therefore, biodegradable polymer coated 3DP TCP scaffolds have great potential use in bone tissue engineering for controlled and sustained drug delivery applications for early wound healing through increased osteogenesis.

Conclusions {#sec5}
===========

This study examines the effect of PCL coating on *in vitro* alendronate (AD) release kinetics, and local AD delivery on *in vivo* bone formation from polycaprolactone (PCL) coated 3D printed tricalcium phosphate scaffolds. A controlled AD release was observed from 3DP PCL-coated scaffolds, whereas uncontrolled release associated with burst release was observed from uncoated 3DP TCP scaffolds. PCL coating also showed its beneficial effect in protecting structural integrity of the TCP scaffolds from high dissolution in acidic environments. AD release was dominated by the rate limiting dissociation of AD from TCP caused by either TCP dissolution or driven by equilibrium shift. Finally, AD release from the PCL matrix in the coating was caused by the unfavorable interaction between AD and PCL. In the absence of PCL coating, AD release was entirely governed by the rate limiting step. All scaffolds with AD showed higher bone formation and reduced TRAP positive cells activity compared to bare TCP and TCP coated with only PCL. TCP + PCL scaffolds did not show any adverse effects on *in vitro* osteoblast cells proliferation and *in vivo* bone formation because of the presence of PCL. TCP + AD scaffolds showed enhanced bone formation compared to bare TCP scaffolds after 6 weeks. Both histomorphology and histomorphometric analysis revealed maximum bone formation after 6 weeks when TCP + AD scaffolds were coated with PCL. No noticeable difference in new bone formation was observed after 10 weeks between TCP + AD and TCP + AD + PCL scaffolds. This early wound healing through bone tissue regeneration is probably caused by a gradual AD release as a result of inhibition of initial burst release by PCL coating. Bare TCP showed the highest TRAP positive cells activity at both time points. These results suggest that PCL-coated 3DP TCP scaffolds can effectively be used for local drug delivery from for enhanced osteogenesis for early wound healing.

*In vivo* animal study experimental plan, PCL coating morphology, compressive strength and toughness comparison between PCL-coated and non-PCL-coated 3DP pure TCP scaffolds, photomicrographs of TRAP staining, *in vitro* cell culture procedure and results (including SEM micrographs of hFOB cells, and cell proliferation data from MTT assay) are provided in the supporting information. This material is available free of charge via the Internet at <http://pubs.acs.org/>.
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